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INTRODUCTION
W orldw ide tra n sfe r a n d in tro d u c tio n of n o n -in d ig enous sp ecies (NJ.S) b y h u m a n activ itie s h a s sign ifican t ecological, eco n o m ic a n d h u m a n -h e a lth im p acts (Wilcove et al. 1998 , P im e n te l e t al. 2000). M ost atten tio n h as fo cu sed o n in v asio n s in te rre s tria l a n d fre sh w a te r h a b ita ts, b u t N IS in vasions h a v e also b e c o m e a p o te n t fo rce c h a n g in g c o a sta l m a rin e eco sy stem s. A t le a s t 400 m a rin e a n d e s tu a rin e NIS a re e s ta b lish e d in N o rth A m erica a n d o v e r 200 of th e s e sp e c ie s c a n o ccu r in one e stu a ry (C o h en e t al. 1995, R uiz e t al, 1997, 2000) . Som e of th e s e sp ecie s h a v e b e c o m e n u m e ric a lly or fu n c tionally do m in an t, a n d h a v e sig n ific a n t im p a c ts on p o p ulation, com m u n ity a n d e c o sy ste m -le v e l p ro c e sse s (C loern 1996, R uiz e t al. 1999, G ro sh o lz e t al. 2000) .
T h e N a tio n a l In v asiv e S p e c ie s A ct of 1996 (NISA) c re a te d a p ro g ra m w h e re b y v e ss e ls a rriv in g from o u t side of th e E xclusive E co n o m ic Z o n e (EEZ) v o lu n ta rily co n d u ct o p e n -o c e a n b a lla st w a te r e x c h a n g e (BWE), or u se a n a p p ro v e d a lte rn a te tr e a tm e n t of b a lla st w a te r p e rm ittin g b a lla st ta n k s to b e d is c h a rg e d in US ports. R ecently, in d iv id u a l s ta te s (e.g. C alifo rn ia, M ary lan d , O regon, W ash in g to n a n d V irginia) p a s s e d a n d im p le m e n te d sim ilar law s, so m e m a k in g BW E m an d ato ry . BWE c an u su ally b e im p le m e n te d a n d d o e s n o t re q u ire retro fittin g or in sta llin g n e w te c h n o lo g y , b u t it is often v ie w e d as a 'sto p -g a p ' m e a s u re . BW E h a s so m e sig n if ic a n t lim itations, in c lu d in g sh ip sa fe ty issu es, costs of co m pliance a n d v a ria b le e ffe c tiv e n e ss (W o o d w ard et. al. 1992 , N atio n al R e se arch C o u n c il 1996, W aite 2002, M a th eick al & R a a y m ak e rs 2004). F o llo w in g ru le m a k in g in 2004, b a lla st w a te r m a n a g e m e n t is n o w m a n d a tory for all a re a s of th e U n ite d S ta te s (C ode of F e d e ra l R egulations, T itle 33, P a rt 151, S u b p a rts C a n d D). In d iv id u al sta te s (e.g. C alifo rn ia, M a ry la n d , O reg o n , W ash in g to n a n d V irginia) p a s s e d a n d im p le m e n te d sim ilar law s, so m e tim e s m a k in g BW E m a n d a to ry ev en for coastal traffic th a t w o u ld n o t a rriv e fro m b e y o n d th e EEZ. T h e U n ite d S tate s d o e s n o t re q u ire v esse ls to d ev iate from its v o y ag e or d e la y its v o y a g e to co n d u ct a BWE. In d iv id u a l US sta te s m a y im p o se d iv e rsio n a n d d elay by re q u irin g sh ip s to p e rfo rm BW E 50 n a u tic a l m iles from shore.
A n u m b e r of b a lla st tr e a tm e n t m e th o d s a re b ein g ex p lo red as a lte rn a tiv e s to BWE, but. th e ir e v a lu a tio n is a t an early s ta g e (N atio n al R e se a rc h C o u n cil 1996, H alleg raeff 1998). P re se n tly , th e US C o a st G u ard (d irected by NISA) re q u ire s a lte rn a tiv e tre a tm e n ts to b e at le a s t a s effe c tiv e as BW E, M o re rece n tly , th e In te rn a tio n a l M a ritim e O rg a n iz a tio n (IMO) (2004) a d o p te d tre a tm e n t s ta n d a rd s a n d th e s ta te of W a sh in g to n also e sta b lish e d in te rim tr e a tm e n t sta n d a rd s (W ashington D e p a rtm e n t of F ish a n d W ildlife 2002).
O zone h as b e e n u s e d a s a d is in fe c ta n t sin c e th e late 1800s, is u sed w id ely in E u ro p e a n d , to a le s se r ex ten t, in th e U.S in d rin k in g w a te r tr e a tm e n t (H o ig n é 1998), It is biocidal o x id a n t th a t is u n s ta b le in w a te r (L anglais e t al. 1991). O z o n e c h e m istry in s e a w a te r d iffers from th a t in fre sh w a te r b e c a u s e of th e p re s e n c e of b ro m id e ion (O em cke & v a n L e e u w e n 1998). B ro m id e io n catalytically d eco m p o ses o z o n e ( Fig. 1 ) (von G u n te n e t al. 
o u s a cid (HOBr), w h ic h is in eq u ilib riu m w ith h y p o b ro m ite (O B r). T h e se c o m p o u n d s h a v e d isinfection p ro p e rtie s. B rom oform , a d isin fe c tio n b y p ro d u ct, is
fo rm e d b y a re a c tio n w ith n a tu r a l o rg a n ic m a tte r in th e w ater.
T h e ch e m istry of o z o n e in s e a w a te r is co m plex (Fig. 1) . In th e p re s e n c e of am m o n ia , H O B r/O B r" will re a c t ra p id ly to fo rm m o n o b ro m a m in e (Jo h n so n & O v erb y 1971, H a a g & H o ig n é 1984, Y ang e t al. 1999, L ei e t al. 2004 , P e rrin s e t al. in p ress). M o n o b ro m am in e c a n d is p ro p o rtio n a te to N H B r2 a n d N H :i (e.g. Lei e t al. 2004) or w ith e x c e ss H O B r/O B r it c a n r e a c t fu rth e r to fo rm N 2 a n d b ro m id e (e.g. B ru n e tto e t al. 1989, H of m a n & A n d re w s 2001). M o n o b ro m a m in e is u n sta b le a n d w ill d e c o m p o se to am m o n ia a n d b ro m id e io n (H of m a n & A n d re w s 2001).
In th is stu d y , w e e x a m in e d th e ch em istry , biology a n d toxicity of a p ro to ty p e tr e a tm e n t sy ste m th a t dif fu se d o zo n e in to a sh ip 's b a lla s t ta n k c o n ta in in g s e a w ate r, W e c o n d u c te d 3 e x p e rim e n ts on a co m m ercial oil ta n k e r d u rin g S e p te m b e r a n d N o v e m b e r 2001 in P u g e t S o u n d , W ash in g to n , USA.
MATERIALS A N D METHODS

S /T Tonsina, an d prototyp e o z o n e system . T h e S /T
Tonsina (since so ld a n d re -n a m e d ) w a s a 265 m (869 ft)
A m e ric a n -fla g g e d oil ta n k e r o p e ra te d b y A laska T a n k e r C o m p a n y (P ortland, O reg o n ) tra n sp o rtin g c ru d e oil m a in ly b e tw e e n V ald ez, A lask a , a n d re fin e r ie s on th e west, c o a st of the U n ite d S ta te s. T h e ship h a d a c a p acity of 4.16 x 10? 1 or 4.16 x IO4 m 3 in 12 b allast HOBr C H B ra ta n k s, a n d 807 000 b a rre ls (1.28 x IO5 m 3) of c ru d e oil in 12 ca rg o ta n k s. T he sh ip w a s d o u b le -h u lle d , w ith sp a c e b e tw e e n th e h u lls d iv id e d tra n sv e rs e ly fo r c a rry in g b a lla st w a te r w h e n th e sh ip w as e m p ty or p a rtia lly lo ad ed . T h e se b a lla st ta n k s w e re a lo n g th e o u te r hull a n d d o u b le b o tto m are a .
In fall 2000, a p ro to ty p e N u te c h -0 3 (M cL ean, V ir ginia) ozo n atio n sy stem w as in s ta lle d o n th e S /T Ton sina. T his p ro to ty p e, k n o w n a s th e SC X 2000, fit in a s ta n d a rd ISO 20 foot (6.1 m) co n ta in e r, w h ic h w a s in sta lle d o n th e stac k d eck , a n e x te rio r lo c a tio n o n th e sh ip 's stern . O z o n e w as p ro d u c e d by in je c tin g o x y g ene n ric h e d c o m p re sse d a ir th ro u g h a se rie s of w aterc o o led elec tro d es. In e a c h e le c tro d e , a h ig h v o lta g e c o ro n a d isc h a rg e (electric arc) w a s c re a te d , u sin g a s ta n d a rd sh ip 's 480 V p o w e r tra n sfo rm e d to m o re th a n 10 000 V. A fractio n of th e o x y g e n -ric h a ir p a ssin g th ro u g h e a c h c o ro n a g a p w as c o n v e rte d in to ozone, w h ich w as co llected a n d p ip e d into o n e of th e b a lla st tan k s, th ro u g h a sy stem of flow m e te rs a n d sta in less s te e l p ip e. O zo n e w as d is trib u te d in to th e ta n k th ro u g h custom d e sig n e d ce ra m ic c o a te d sto n e diffusers, a rra n g e d to m ax im ize th e d istrib u tio n a n d c o n ta c t tim e of th e o zo n e in th e b a lla st w ater. B allast tank sam p lin g. T h e N o. 3 p o rt (3P) an d n u m b e r 3 sta rb o a rd (3S) b a lla st ta n k s w e re u s e d for ozo n atio n a n d controls, re s p e c tiv e ly (Fig. 2) . T h e 3P ta n k w a s d iv id ed in to A (fore) a n d B (aft) sectio n s, a n d th e 3S ta n k into C (fore) a n d D (aft) sections for d u p lic a te sam p lin g . S e c tions A, B, C, a n d D w e re sa m p le d in E xpt 1 a n d S ectio n s A, B, a n d C w e re sa m p le d in E xpts 2 a n d 3. For all sa m p le s e x c e p t Z o o p lan k to n a n d c a g e d an im als (see la te r su b sectio n ), w a te r from e a c h ta n k se ctio n (A B, C, or D) w as sa m p le d a t 3, 9 a n d 15 m b e lo w th e sh ip 's d e c k u sin g a 5 1 N isk in w a te r sa m p le r (G e n e ra l O cean ics). B oth th e e x p e rim e n ta l a n d co n tro l b a l la st ta n k sectio n s w e re sa m p le d b e fo re o zo n atio n b e g a n (0 h) a n d a t 2.5 a n d 5.0 h d u rin g o zo n atio n for E x p t 1, a n d a t 2.5, 5.0, 7.5, a n d 10.0 h d u rin g o zo n atio n for E x p ts 2 a n d 3.
C hem istry. G e n e ra l w a te r c h e m istry : S u b sa m p le s from th e N isk in w a te r sam p lers w e re p la c e d in c le a n N a lg e n e con tain ers, a n d a n a ly z e d (fol lo w in g th e in stru ctio n s) w ith th e H a c h D REL/2010 W ate r Q u a lity L ab o rato ry k it (H ach C om p an y ), p H w a s d e te r m in e d u sin g a H a c h P o rta b le p H M eter. D issolv ed o x y g e n (DO) w as m e a s u re d w ith a M o d e l 21800-022 T raceable® D O m e te r th a t w as a ir c a lib ra te d a n d a d ju s te d to c o m p e n s a te fo r salinity, S alin ity w as m e a s u r e d u sin g a c o n d u c tiv ity m e te r w ith a ra n g e of 0 to 80 PSU (H ach C o m p a n y ). T e m p e ra tu re w as d e te r m in e d u sin g a fie ld th e rm o m e te r. S am p le s for in o r g an ic n u trie n ts (o rth o p h o sp h a te , n itrite , n itra te , a m m o n ia, silicic acid) a n d d isso lv e d o rg a n ic c arb o n (DOC) w e re fro zen o n b o a rd sh ip a n d sto re d fro zen u n til a n a ly z ed . In o rg a n ic n u trie n ts a n d d isso lv ed D O C w e re a n a ly z e d a t th e M a rin e C h e m istry L ab o rato ry in th e S chool of O c e a n o g ra p h y , U n iv ersity of W a sh in g ton, u sin g a T e c h n ic o n M o d e l AAII a n d a S h im ad zu T O C 5000, re sp e c tiv e ly (P arso n s e t al. 1984).
O zo n e ch em istry: TotaJ. residual oxidant {TRO). TRO w as d e te rm in e d u sin g a s ta n d a rd DPD colorim etric a n aly sis for to tal c h lo rin e (APPIA 1998). H a c h A ccuVac® A m p u les w e re s u b m e rg e d a n d filled w ith w a te r im m ed iate ly a fte r th is w a s co llec ted from th e b allast ta n k , a n d th e n a n a ly z e d o n a H a c h D REL/2010 w a te r q u a lity la b o ra to ry s p e c tro m e te r o n th e sh ip , T h e a m p o u le s h a d a ra n g e of 0 to 4.5 m g L 1 as Br2 w ith a sen sitiv ity of 0.1 m g L 1 a s Br2. TRO is a m e a s u re of h a lo g e n -c o n ta in in g o x id a n ts. A s d e sc rib e d in th e 'In tro d u c tio n ', o zo n e q u ic k ly re a c ts w ith b ro m id e ion in se a w a te r, fo rm in g h y p o b ro m o u s a cid th a t is in e q u i lib riu m w ith h y p o b ro m ite . T o g eth er, th e s e co m p o u n d s a re re fe rre d to a s b ro m in e s a n d th e y c o n stitu te TRO m e a s u re d in th e o zo n a tio n of se a w a te r. 2. D ia g ra m of S / T Tonsina s h o w in g lo catio n s of p o r t a n d s ta rb o a rd ballast, ta n k s . S am p les w e re c o lle c te d fro m fo re a n d aft s e c tio n s in tr e a tm e n t b a lla st ta n k (A a n d B) a n d c o n tro l b a lla st ta n k (C a n d D). C ircles: a c c e ss h a tc h e s for tr e a tm e n t a n d control ta n k s ; d a s h e d lin es: b o u n d a r y b e tw e e n fo re a n d aft se ctio n s. F ig u re is not to s c a le
Bow
Ozone. O zon e w as m e a s u re d u sin g th e in d ig o colori m e tric te c h n iq u e (APUA 1998), Sim ilar to th e TRO m e a s u re m e n t, AccuVac® A m p u le s w e re u s e d w ith fresh ly co llecte d sa m p les a n d a n a ly z e d u sin g a H a c h D REL/2010 w a te r q u a lity la b o ra to ry sp e c tro m e te r. T h e am p o u le s h a d a ra n g e of 0 to 1.5 m g -1, w ith a se n s itiv ity of 0 . 1 m g I-1 ozone.
Oxidation reduction potential (ORP)
. ORP w a s m e a s u re d u sin g a n O rion 290A p H m e te r w ith a C ole-P alm er C o m b in a tio n ORP p ro b e (Pt e le c tro d e , A g / A gC l re fe re n c e cell). ORP w a s m e a s u re d in mV.
Brómate. S am p les fo r b ró m a te io n a n aly sis w e re co l le c te d in 150 m l w id e -m o u th N a lg e n e H D PE b o ttles. T h ey w e re s to re d o n ic e a n d sh ip p e d to a n a ly tic a l la b orato ries im m e d ia te ly a fte r th e e n d of e a c h sh ip b o a rd e x p erim en t. W e u se d th e US EPA M e th o d 317.0 R evi sion 2.0 (EPA 815-B -01-001), w h ic h m e a s u re s b ró m a te ion from 2 to 40 p g I"1, For E x p t 1, sam p le s h a d a b ró m a te c o n c e n tra tio n b e lo w th e m e th o d d e te c tio n lim it of 2 p g I-1. D u rin g th e first se t of analyses, w e o b se rv e d th a t control sam p les s p ik e d w ith b ró m a te w e re 'u n re c o v e ra b le '. T h e s u b s e q u e n t e v a lu a tio n of b ró m a te sta n d a rd s p r e p a r e d in d istilled w a te r sh o w e d g o o d reco v ery . E x p e rim e n ts sh o w e d th a t a t h ig h e r c o n c e n tra tio n s (i. B ased o n b ró m a te re c o v e ry follow ing a 1:4 d ilution, all b a lla st w a te r sa m p le s fo r E xpts 2 a n d 3 w e re dilu ted . T his d ilu tio n e n a b le d d e te c tio n of 10 p g L 1 b ró m ate, w h ic h is th e m a x im u m c o n ta m in a n t le v el (MCL) e sta b lish e d for b ró m a te in d rin k in g w a te r (EPA 816-F-01-010).
Bromoform. S am p le s for b ro m o fo rm a n a ly sis w e re co llected in 40 m l v o latile o rg a n ic a n aly sis (VOA) vials c o n ta in in g a sulfite fix ativ e. T h ey w e re s to re d o n ice a n d s h ip p e d to th e a n a ly tic a l la b o ra to ry im m e d ia te ly a fter c o m p letio n of e a c h e x p e rim e n t. B rom oform w as a n a ly z e d u sin g a p u rg e a n d tra p g a s c h ro m a to g ra p h follow ing US EPA M e th o d 524.2 (EPA 600-R -95-131), u sin g a T e k m a r M o d e l L SC -2000 liq u id s a m p le c o n cen trato r, in te rfa c e d w ith a T e k m ar M o d e l 2016 a u to s a m p le r sy stem , c o u p le d to a H e w le tt P a c k a rd 5890 S eries II g a s c h ro m a to g ra p h . T h e c h ro m a to g ra p h w as e q u ip p e d w ith a 30 m V O C O L c ap illa ry colum n, H P 3396A in te g ra to r/p rin te r a n d flam e io n izatio n d etecto r. U ltra p u re c a rrie r-g ra d e h e liu m g a s w a s u s e d for s p a rg in g sa m p le s. B rom oform s ta n d a rd w as o b ta in e d from U ltra S cien tific (N o rth K ingstow n, R hode Island), T h e d e te c tio n lim it for b ro m o fo rm w as 5 p g I-1 a n d s ta n d a rd s w e re p r e p a r e d to 200 p g L 1.
B iology. C u ltu ra b le h e te r o tr o p h ic b acteria: V iable h e te ro tro p h ic b a c te ria w e r e q u a n tifie d u sin g a cu ltu reb a s e d m icrob io lo g ical p ro c e d u r e . For e n u m e ra tio n , a 11 sa m p le fro m th e N is k in sa m p ler w a s p la c e d in a sterile N a lg e n e p lastic b o ttle a n d h e ld o n ice. S am p les w e re tra n s p o rte d o n ice t o th e U n iv ersity of W a sh in g to n la b o ra to ry a n d m a in ta in e d o n ice u n til p ro cessed . S am p les w e re p ro c e s s e d w ith in 24 h of collection. N u m b e rs of c u ltu ra b le h e te ro tro p h ic b a c te ria w ere d e te rm in e d o n m a rin e R 2 A ag ar. T his m e d iu m is a m o d ificatio n of R2A a g a r (Difco), w h ic h is com m only re c o m m e n d e d fo r f r e s h w a te r sa m p le s (A PH A 1998). W e p r e p a r e d th e m a rin e R2A a g a r u sin g ONR s e a w a te r salts. T h e fo rm u la fo r this m a rin e sa lt so lu tio n at c o n c e n tra tio n s I.'"1 w as: N a C l, 22.79 g¡ N a2 S 0 4, 3.98 g; KC1, 0.72 g ; N aBr, 0 .0 8 3 g ; N a H C 0 3, 0.031 g ; H 3 BO 3 , 0.027 g ; N aF, 0 .0 0 2 6 g ; M g C l2 -6 H 2 0 , 1.12 g ; C a C l2-2H 2 0 , 0.15 g¡ S rC l2 -6 H 2 0 , 0.0024 g ; F eC l-4FI2 0 , 0.0080 g. T h e sa lts w e re p r e p a r e d in 3 se p a ra te solutions: a lOx so lu tio n of 7 co m p o u n d s (N aCl, N a 2 SO", KC1, N aBr, N a H C 0 3, H3BO3, N aF), a 50x so lu tio n of th e d iv a le n t c o m p o u n d s (M gC l2, C aC l2, S rC l2), a n d a 200x so lu tio n of F eC l. T h e lOx so lu tio n w as m ix e d w ith R2A ag ar, p H w a s a d ju s te d to 7.6, a n d th e m e d iu m w as ste riliz e d b y a u to c la v in g a t 121°C. T he m e d iu m w a s co o led in a w a te r b a th to 5 0°C. D iv alent catio n s so lu tio n (20.0 m l I-1 of a sterile 50x so lutio n of M g C l2 -6 H 2 0 , C a C l2-2 H 2 0 , S rC l2 -6 H 2 0 ) a n d F eC l2 so lu tio n (5.0 m l T 1 of a ste rile 200x so lu tio n of F e C l-4 H 2 0 ) w e re a d d e d a n d m ix e d in to th e m o lten m ed iu m . T h e d iv a le n t c a tio n s a n d iro n w e re a d d e d a fte r a u to c la v in g to m in im iz e th e fo rm a tio n of p re c ip i ta te in th e m ed iu m . B a cte ria w e re e n u m e ra te d u sin g 2 m e th o d s. A liq u o ts of b a lla s t w a te r w e re in o c u lated o nto th e a g a r su rfa c e u sin g th e s p re a d -p la te m eth od, or a la r g e r v o lu m e of s e a w a te r w a s filte re d th ro u g h P ali M etricel® B lack M e m b ra n e D isc F ilters (47 m m d iam ete r, 0.45 p m p o re size). F ilters w e re p la c e d o n th e su rfa ce of M a rin e R2A a g a r in a 50 m m d ia m e te r p la s tic p etzi p la te . F ilters w e re ro lle d o nto th e a g a r su rface to p re v e n t a ir b u b b le s fro m fo rm in g b e tw e e n th e filter a n d a g a r su rfac e . L a rg e r 100 m m d ia m e te r p e tri dishes w e re u s e d for th e d irec tly in o c u la te d sp re a d -p la te m eth o d . S a m p le s w e re in o c u la te d in trip lic ate for e ach d ilution, e x c e p t for som e filte re d sam p le s th a t w ere in o c u la te d in d u p lic a te . In o c u la te d m e d ia w e re in c u b a te d a t ro o m te m p e ra tu re (ap p ro x im a te ly 2 2°C) in th e d a rk . B ac teria l colonies w e re c o u n te d o n th e s p re a d -p la te a g a r su rfaces a n d m e m b ra n e filters after 4 d, w h e n th e co lo n ies w e re la rg e e n o u g h to see, b u t w e re n o t o v erlap p in g , P h y to p la n k to n an d m icro fla g e lla te s: S u b sam p les (11) from th e N isk in sa m p le r w e re p re s e rv e d on b o a rd sh ip in L u g o l's io d in e an d s h ip p e d to th e S m ith so n ian E n v iro n m e n ta l R e sea rc h C e n te r in M a ry la n d for a n aly ses. In e a c h su b sa m p le , th e n u m b e r of cells p r e s e n t for e a c h p h y to p la n k to n a n d m icro fla g ellate s p e cies (or lo w e st ta x o n o m ic u nit) w a s c o u n te d d irectly u n d e r a c o m p o u n d m icro sco p e. First, 200 in d iv id u a l cells w e re c o u n te d for e a c h of 20 field s at 500x m a g n i fication; th is p ro v id e d d a ta fo r th e n u m b e r of cells for sm all sp e c ie s (e.g. m ic ro fla g e lla te s a n d din o flag ellates). S eco n d , 20 field s w e re also e x a m in e d a t 312x m ag n ificatio n , to e stim a te th e n u m b e r of la rg e r a n d less n u m e ro u s form s.
To m e a s u re th e effect of o z o n e tre a tm e n t, c h a n g e s in c o n cen tratio n (b efo re a n d fo llo w in g 5 a n d 10 h of tr e a t m en t) in th e tr e a tm e n t a n d c o n tro l ta n k s w e re co m p ared . C o u n ts w e re p o o le d acro ss ta x a fo r 3 m ajo r groups: d in o flag e lla te s, m ic ro flag e lla te s a n d diatom s. S p ecies-le v el in fo rm a tio n w a s co llected , b u t only effects on m a jo r ta x o n o m ic g ro u p s w e re c o m p ared , b e c a u se th e re w a s h ig h sp e c ie s co m p o sitio n v a ria tio n b o th w ith in re p lic a te s a t a sin g le co llectio n tim e a n d am o n g sa m p lin g p e rio d s. T h is h ig h e r ta x a lev el a p p ro a c h w as sim ilar to th e le v e l of a n aly sis fo r Zoo p la n k to n a n d m icro b io lo g y stu d y co m p o n en ts.
M eso zo o p la n k to n : A 0.3 m d ia m e te r, 73 p m m e sh Z ooplankton n e t w as u s e d fo r Z o oplankton collections. T h e n e t w a s lo w e re d th r o u g h h a tc h e s into T re a tm e n t C olum ns A a n d B a n d C o n tro l C o lu m n s C a n d D, to w ith in 0.25 m of th e ta n k b o tto m a n d slow ly retrieved, to th e su rface . W e to o k 3 re p lic a te v e rtic a l h au ls from e a c h h a tc h b e fo re o z o n e tre a tm e n t, a fte r 5 h (all e x p erim en ts), a n d a fte r 10 h (Expts 2 a n d 3). Sam ples w e re g e n tly w a s h e d w ith filtere d se a w a te r from th e n e t co llec tin g b u c k e t in to a p la stic sp e c im e n ja r a n d k e p t cool b y p la c in g th e ja r on ice. S am p les w e re im m e d ia te ly e x a m in e d o n th e sh ip u n d e r a d is sectin g m icro sco p e . A fie ld of v ie w a t 25x m a g n i fication w a s e x a m in e d . A n im a l activ ity w as sc o re d as follows: a n im a ls m o v in g o r sh o w in g a n e sc a p e r e sp o n se w h e n p ro b e d w ith a fin e n e e d le In addition, q u a lita tiv e o b se rv a tio n s w e re re c o rd e d a b o u t d o m in a n t tax a, a n d a n y ta x a th a t a p p e a re d to b e m o re or le ss a ffe c te d b y th e tre a tm e n t.
T oxicology. C a g e d a n im a ls: C a g e d o rg a n ism e x p e r im en ts w e re d e s ig n e d to e v a lu a te th e effect of ozone tre a tm e n t on a ra n g e of a q u a tic o rg an ism s, som e th a t a re ty p ically u s e d in a q u a tic to x ico lo g y e x p erim en ts. o n th e ir k n o w n se n s itiv ity or h a rd in e ss to a v arie ty of a q u a tic to x ica n ts a n d t h e i r u se a s 's ta n d a rd ' lab o ra to ry te s t o rg an ism s. M y sid s h rim p a n d s h e e p s h e a d m in n o w s w e re o b ta in e d f r o m A q u a tic B iosystem s (Fort C ollins, C o lorado). S h o re c rab s a n d a m p h ip o d s w ere c o lle c te d fro m P u g e t S o u n d n e a r A n aco rtes, W a sh in g to n , All o rg a n ism s w e r e a c c lim a te d to P u g e t S o u nd s e a w a te r a n d m a in ta in e d u n d e r e ith e r static or flow ing s e a w a te r co n d itio n s a t W e s te rn W a sh in g to n U n iv e r sity 's S h a n n o n P o in t M a r in e L ab o rato ry , A n aco rtes, W ash in g to n . P rio r to te s tin g , o rg an ism s w e re p la c e d in in d iv id u a l e x p o su re c h a m b e rs a n d tra n s p o rte d to th e S /T Tonsina in ice c h e sts c o n ta in in g a e ra te d sea w a ter.
A n im als a n d ca g e s w e r e n o t p re -s e le c te d for a tr e a t m e n t or co n tro l b a lla st ta n k . fo r e a c h sp ec ie s, w e re p la c e d in co arsem e sh p o ly e th y le n e n e ts a n d a tta c h e d to th e te th e r rope w ith clam ps, a n d d e p lo y e d a t specific d e p th s in th e b a lla st ta n k .
G ro u p s of c a g e d o rg a n ism s w e re p la c e d in to the co n tro l a n d tr e a tm e n t ta n k s . E ach e x p o su re g ro u p c o n siste d of a p la stic b u c k e t c o n ta in in g sa n d a n d c o n n e c te d to a te th e r ro p e . B u ck ets w ith a m p h ip o d e x p o su re c h a m b e rs w e re a t th e b o tto m of th e b allast ta n k , w ith c h a m b e rs for th e o th e r 3 sp e c ies b e in g su s p e n d e d fro m th e te th e r ro p e a t a p p ro x im a te ly 1 , 6 a n d 12 m ) fro m th e b a lla st w a te r su rfa c e . A t th e co m p le tio n of th e 5 o r 10 h o zo n e tre a tm e n t, c a g e s w e re re m o v e d a n d th e n u m b e r of live, m o rib u n d or d e a d o rg a n ism s w a s rec o rd ed . A m p h ip o d s w e re classified as m o rib u n d if th e y failed to re b u r y in th e san d .
W h o le e fflu e n t to x ic ity (W ET) testin g . S am p les of o z o n e -tre a te d w a te r w e re c o lle c te d a t th e e n d of e ach o z o n e tre a tm e n t fo r la b o ra to ry toxicity te stin g of w h ole e fflu e n t to x icity (WET). W e p e rfo rm e d 2 sta n d a rd a c u te toxicity tests: m ysid sh rim p A m ericam ysis bahi 48 h static a c u te toxicity test, a n d to p sm e lt A therinops affinis 48 h static a c u te toxicity test. T h e se sp e c ies are am o n g th e m ost se n sitiv e to toxic c h e m ic a ls in s e a w a te r (S uter & R osen 1988), a n d a re co m m o n ly u se d to e v a lu a te th e toxicity of efflu e n ts d is c h a rg e d into m arin e w aters. All toxicity te s ts w e re p e rfo rm e d in a c co rd an ce w ith s ta n d a rd re g u la to ry p ro c e d u re s (US E n v iro n m en tal P ro tec tio n A g e n c y 1993, 1999). T he se a w a te r u se d as co n tro ls a n d for d ilu tio n of b a lla st w a te r sam p les w as p r e p a r e d u sin g la b o ra to ry w a te r ( 1 p m filtered) a n d c o m m ercially a v a ila b le se a w a te r salts (H aw aiian M a rin e M ix). T h e s e a w a te r salinity w a s 30 ± 2 PSU.
M ysid sh rim p w e re o b ta in e d fro m A q u atic B iosys te m s (Fort C ollins, C o lorado). W e e x p o se d 5 -d-old m ysids for 48 h in a sta tic te s t to 5 d ilu tio n s of o zo n a te d b a lla st w ater: 6.25, 12.5, 25, 50 a n d 100% , a n d to a dilution w a te r control. A w a te r te m p e ra tu re of 25 ± I oC an d a 16:8 h lig h h d a rk cy cle w e re m a in ta in e d . T est solutions w e re n o t a e ra te d a n d m y sid sh rim p w e re n o t fe d d u ring th e tests. W e u s e d 4 re p lic a te te s t solutions co n tain in g 5 to 10 sh rim p p e r c h a m b e r a t e ac h tr e a t m e n t lev el in all tests. P ro c e d u re s fo r th e to p sm e lt tests w e re sim ilar to th o se for th e m y sid sh rim p . W e ex p o se d 15-d-old to p sm elt la r v a e o b ta in e d fro m A q u atic B iosystem s for 48 h in a sta tic te s t to 5 dilu tio ns of o zo n ate d b alla st w a te r sa m p le s: 6.25, 12.5, 25, 50 a n d 1 0 0 % b a lla st w a te r a n d to a d ilu tio n w a te r control.
RESULTS
C hem istry
O z o n e d e liv e ry T able 1 su m m a riz e s th e w a te r v o lu m e c ap acity of b o th sections of th e o z o n e tr e a tm e n t ta n k (No. 3 p o rt b allast tan k ) a n d n u m b e r of o zo n e d iffu sers in e a ch section, as w ell as th e c a lc u la te d o z o n e -lo a d in g ra te in e a c h sectio n for e a c h of th e 3 e x p e rim e n ts. N o te th a t th e 'Port, v e rtic a l p o rtio n ' ro w in T a b le 1 g iv e s in fo r m a tio n p e rta in in g to th e v e rtic a l w in g ta n k , th a t is th e p o rtio n fro m w h ic h s a m p le s fo r o u r e x p e rim e n ts w e re ta k e n . T h e o z o n e -lo a d in g ra te in th is w in g ta n k in c re a se d b y 2 2 % b e tw e e n E x p ts 1 a n d 2, a n d th e n by 87.5% b e tw e e n E x p ts 2 a n d 3. T his in c re a se in ozone lo a d in g is g e n e ra lly re fle c te d in th e ch e m ic a l a n d b io lo g ical d a ta p re s e n te d b elo w .
S e a w a te r ch e m istry T h e b a lla st w a te r u s e d in th e e x p e rim e n ts w as col le c te d b y th e S /T Tonsina in n o rth e rn P u g e t S o u n d a n d in th e S traits of J u a n d e F u c a , n e a r th e P acific O cean. O b se rv e d salin ities v a rie d b y less th a n 1 PSU in e a ch e x p e rim en t. S alin itie s w e re 33.3 to 33.7 PSU in E x p t 1, 35,0 to 35.9 PSU in E x p t 2, a n d 33.9 to 34.4 PSU in E xpt 3. S alinity d id n o t c h a n g e in a n y ta n k d u rin g th e e x p e r im ents.
W ater te m p e ra tu re s w e re slig h tly h ig h e r in E xpt 1 th a n in th e o th e r 2 e x p e rim e n ts. In E x p t 1, w a te r te m p e ra tu re s w e re 12.7 to 15.5°C, w h ile in th e N o v em ber e x p e rim e n ts th e te m p e ra tu re s w e re 9.4 to 11,8°C. T he te m p e ra tu re e ith e r re m a in e d th e sa m e or d e c re a se d slig h tly in all tan k s.
T h e p H fo r all sa m p le s w as ty p ic a l of se a w a te r, r a n g in g from 7.4 to 7,9. In E x p t 1, th e p H w a s n o t as p re cisely m e a s u re d as in th e la te r e x p e rim e n ts. T h e re w as n o p H d iffe re n c e b e tw e e n th e tre a tm e n t a n d control ta n k s a n d it d id n o t v ary w ith tim e d u rin g th e e x p e ri m en ts.
DO in th e b a lla st w a te r w a s re la tiv e ly h ig h a t th e b e g in n in g of th e e x p e rim e n ts, a t > 8 m g I" 1 in E xpt 2 a n d > 6 m g T 1 in E x p t 3. DO w a s n o t m e a s u re d in E xpt 1. D O g e n e ra lly in c re a s e d d u rin g o zo n a tio n a n d m a x i m u m le v e ls 2 to 3 tim es th o se of in itia l lev els (approx. 20 m g I"1) w e re fo u n d at th e e n d of th e tre a tm e n t. In th e co n tro l ta n k s, th e o x y g en c o n c e n tra tio n did not in c re a se d u rin g th e ex p e rim en t.
D O C m e a s u re d a t th e b e g in n in g of e a c h ex p e rim en t w as sim ilar a m o n g all th e e x p e rim e n ts, a n d for th e T a b le 1. E stim a te d o zo n e p ro d u c tio n , d istrib u tio n a n d lo a d in g in th e total, h o riz o n ta l a n d v e rtic a l p o rtio n s of tr e a tm e n t ta n k in E x p ts 1, 2, a n d 3 p e rfo rm e d o n b o a rd S / T T onsina e x p e rim e n ta l a n d co n tro l sa m p le s c o lle c te d w ith in e a c h e x p erim e n t. D O C c o n c e n tra tio n s ra n g e d from 0.7 to 1.1 m g I-1. P h o sp h a te ra n g e d fro m 0.06 to 0.07 m g I ' 1, silicate from 1.3 to 1.5 m g I-1, n itra te from 0.2 to 0.4 m g I ' 1, a n d n itrite from 0.004 to 0,006 m g I"1; a m m o n iu m ra n g e d from 0.03 m g I-1 in E x p t 1 to a b o u t tw ice th a t c o n c e n tra tio n (0.07 m g I-1) in E x p ts 2 a n d 3.
O zo n e ch e m istry
In e a c h e x p e rim e n t, TRO a n d ORP in c r e a s e d d u rin g th e p e rio d of ozo n atio n in th e tr e a tm e n t ta n k (T ab le 2). TRO a n d ORP in c re a se s w e re n o t a s g re a t in E x p t 1 w ith 5 h of ozonation, as in E x p ts 2 a n d 3 w ith 10 h of o zo nation. Som e of th e c o n c e n tra tio n s e x c e e d e d th e c a p a c ity for th e co lorim etric assay, i.e. w e r e g re a te r th a n 5 m g I ' 1 m e a s u re d as Br2. In E x p t 1, th e h ig h e s t TRO lev el fo u n d (0.26 m g I-1) w as in th e A 15 lo catio n (C olum n A, 15 m from su rface) a t 5 h . T h e h ig h e s t TRO in C o lu m n B w as a p p ro x im a te ly o n e -h a lf th is v alu e, In E xpts 2 a n d 3, th e TRO le v e ls e x c e e d e d 5 m g I" 1 follow in g 7.5 to 10 h of o z o n a tio n . T h e TRO lev els in c re a se d m o re q u ick ly in C o lu m n A th a n in C o lu m n B in th e tre a tm e n t ta n k . TRO le v e ls w e re n e a r 0.0 m g I" 1 for all sa m p les co lle c te d in th e c o n tro l b a lla st ta n k . T h e TRO a c h ie v e d is a p ro d u c t of th e o z o n e lo a d in g ra te (T able 1 ) a n d th e le n g th of tim e th a t a co lu m n of se a w a te r w as tre a te d , A s d e sc rib e d a b o v e , th e o zo n e lo ad in g ra te w as h ig h e s t in E x p t 3 a n d lo w e st in E x p t 1, S am p les w e re n o t co lle cte d fro m C o lu m n D in th e co n tro l b a l la st ta n k d u rin g E x p ts 2 a n d 3, S e a w a te r in th e b a lla s t ta n k s w a s w ell o x y g e n ate d a t th e sta rt of th e s tu d y a n d h a d v e ry p o sitiv e ORP v alu es, m e a s u re d a s m V . F o llo w in g o zonation, th e ORP v a lu e s ra p id ly in c r e a s e d fro m a p p ro x im ately 100 m V to over 600 mV. M a x im u m ORP v a lu e s w e re b e tw e e n 780 a n d 799 m V . ORP v a lu e s in th e control ta n k flu c tu a te d b e tw e e n 97 a n d 439 m V w ith a m e a n of 260 mV.
T a b le 2. T o ta l r e s id u a l o x id a n t (TRO) a n d o x id a tio n re d u c tio n p o te n tia l (ORP) of tr e a te d a n d c o n tro l b a lla s t ta n k s in E x p ts 1, 2 an d 3 p e rfo rm e d o n b o a rd S / T T onsina. L ocation: le tte r r e p re s e n ts c o lu m n in b a lla s t ta n k s , n u m b e r r e p r e s e n ts d ista n c e (m) from b a lla s t t a n k su rface. W h e re 2 v a lu e s a r e g iv en , th e s e a r e for d u p lic a te a n aly ses. > 5.00 (TRO > 5.0 m g B r2 1"1) = o u t of r a n g e for assay , n s = n o t s a m p le d
L ocation S a m p le tim e (h)
T o ta l r e s id u a l o x id a n t (m g Br2 1"') O x id a tio n re d u c tio n p o te n tia l (mV) W e a n a ly s e d 2 d isin fe c tio n b y p ro d u c ts of p o ssib le concern, b ró m a te a n d brom oform . B ró m ate w as alw ays b e lo w th e m e th o d d e te c tio n lim it in all sam ples. W h e n b ró m a te w as s p ik e d into th e tre a te d sa m p les in th e la b o ra to ry , th e sp ik e w as n e v e r r e co v ered fully, in d ic a tin g b ró m a te d e m a n d in th e w ater. T h e ca u se of th is a p p a re n t d e m a n d w as n o t u n d e r stood; h o w ev er, it m ay h a v e b e e n re la te d to th e h ig h c o n cen tratio n of 'a c tiv e ' b ro m in e (i.e. H O B r/O B r-) in th e sam ples.
In all 3 e x p e rim e n ts, b ro m o fo rm c o n c e n tra tio n in c re a se d o v er th e o zo n a tio n p erio d , w ith th e m a x i m u m fo u n d a t th e la st sa m p lin g (T able 3). W h e re a d ire c t co m p a riso n w as p o ssib le (i.e. from o n e e x p e ri m e n t to a n o th e r a t th e sa m e tim e point), it w as clea r th a t th e c o n c e n tra tio n of b ro m o fo rm in c re a s e d m o re in E xpt 1 th a n in e ith e r E x p ts 2 or 3, p a rtic u la rly in sa m p le s co llec ted from C o lu m n A. In E xpt 1, th e m ax im u m c o n c e n tra tio n of b ro m o fo rm fo u n d w as 145 p g I-1, in E x p t 2 it w as 98 p g T \ a n d in E x p t 3 it w as 107 p g I-1. In E xpt 3, th e q u a n titie s of b ro m o fo rm w e re v ery co m p a ra b le b e tw e e n C o lu m n s A a n d B. T a b le 4. E n u m e ra tio n s of c u ltu r a b le h e te ro tro p h ic b a c te ria fro m tr e a te d a n d co n tro l b a lla s t ta n k s in E x p ts 1, 2, a n d T h e re fo re , th e c u ltu ra b le m ic ro o rg a n ism s w e re c o n c e n tra te d b y u s in g a m e m b ra n e filtratio n m eth o d so th a t th e se n sitiv ity of th e e n u m e ra tio n assay could be in c re a se d , T h e n u m b e rs in T ab le 4 a re a n a v e ra g e of th e p la tin g p e rfo rm e d in trip lic a te or d u p li cate for e a c h aliquot.
T h e n u m b e r of c u ltu ra b le m ic ro o rg a n ism s w as b e tw e e n IO5 a n d IO6 C F U I'"1 b e fo re o zo n atio n in tr e a t m en t ta n k s a n d th r o u g h o u t th e e x p e rim e n ts in th e c o n trol ta n k s (T able 4). A fe w s a m p le s h a d h ig h e r levels. 
p ts 2 a n d 3 h a d low er n u m b e rs of c u ltu ra b le b a c te ria th a n th o s e from E xpt 1.
A fter 10 h of tr e a tm e n t (E xpts 2 a n d 3), th e b a c te ria p o p u la tio n in th e tr e a te d ta n k h a d d e c re a s e d to <5.0 CFU I-1. O n e -th ird o f th e sa m p le s c o n ta in e d lev els b elo w th e e x p e rim e n ta l d e te c tio n lim its (3.0 an d 5.0 C F U I-1 fo r E x p ts 2 a n d 3, re sp ectiv ely )
O n e -th ird of th e s a m p le s co lle cte d a fte r 5.0 h of o z o n a tio n c o n ta in e d le v e ls b e lo w th e ex p e rim en tal d e te c tio n lim its (3.0 a n d 5.0 C FU 1' 1 fo r E xpts 2 a n d 3, resp e c tiv ely . S a m p le s c o lle c te d a t 7.5 a n d 10 h c o n ta in e d few , if any, v ia b le b a c te ria l cells. T h erefo re, o zo n a tio n u sin g o u r m e th o d s re d u c e d th e c u ltu rab le m ic ro o rg a n ism s b y > 9 9 .9 9 % . P h y to p la n k to n a n d m icro fla g e lla tes S in ce cells w e re p re s e rv e d o n b o a rd ship, our m e th o d co u ld n o t b e u s e d to d e te rm in e viability. In ste a d , d in o fla g e lla te , d ia to m a n d m icro flag ellate d en sitie s w e re e stim a te d , a ss u m in g th a t d e c re a se s w e re d u e to ce ll d e a th . D u rin g b o th E xpts 2 a n d 3 w h e n th e y w e re co llected , d in o fla g e lla te p o p u latio n s e x h ib ite d s h a rp d e c re a s e s in b o th co lu m n s (A a n d B) in th e o z o n e tr e a tm e n t ta n k re la tiv e to C o lu m n C in th e co ntrol ta n k (T able 5). In E x p t 2, s a m p le s co llected 10 h a fte r o z o n e tr e a tm e n t w e re re d u c e d b y 82 to 1 0 0 % in C o lu m n A (w ith c o n c e n tra tio n in c re a s in g w ith in c re a s in g d e p th ) a n d b y 100% in C o lu m n B. For E x p t 3, d in o fla g e lla te s w e re n o t d e te c te d a fte r th e 1 0 h tr e a t m en t, re s u ltin g in a > 9 9 % re d u c tio n . In contrast, d in o fla g e lla te s d id n o t d e c lin e in a n y of th e control tan k s.
In itial c o n c e n tra tio n of m ic ro fla g e lla te s ra n g e d from 2 x IO3 to 3 x 10s cells I' 1 in th e tr e a tm e n t ta n k . S im ilar to d in o fla g e lla te s, m ic ro fla g e lla te s d e c lin e d b e tw e e n 70 a n d 9 9 % in C o lu m n A a n d b e tw e e n 93 a n d 9 8 % in C o lu m n B d u rin g E x p t 2. N o s p a tia l v a ria tio n w as e v i d e n t in E x p t 3, a n d m ic ro fla g e lla te s d ec lin e d b y 96 to 9 9 % . T h e in itia l c o n c e n tra tio n of m icro flag ellates ra n g e d fro m 2 x IO5 to 4 x IO5 cells I-1 in th e co ntrol ta n k . In E x p ts 2 a n d 3, m ic ro flag e lla te s d id n o t d ecline in th e co n tro l tan k .
D iato m re s u lts w e re m o re v a ria b le . C o n cen tratio n s v a rie d fro m 17 to 135% of th e in itia l co n cen tra tio n s in E xpt 2 a n d fro m 20 to 120% of th e in itia l c o n c e n tra tio n s in E x p t 3 a fte r 10 h o zo n a tio n . N o d eclin e w as o b se rv e d in th e co n tro l tank.
T a b le 5. T o ta l n u m b e rs oí d in o fla g e lla te s, d ia to m s, a n d m ic ro fla g e lla te s fo u n d in E x p ts 2 a n d 3. S a m p le s w e r e p r e s e r v e d o n b o a rd S / T Tonsina a n d la te r e n u m e r a te d in la b o ra to ry . L ocation: le tte r r e p re s e n ts co lu m n in b a lla s t t a n k , n u m b e r r e p re s e n ts d istan c e (m) fro m b a lla s t ta n k su rface, n d = n o d a ta
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) ------D in o fla g e lla te s M ic ro fla g e lla te s D iatom s izxpi o ^ceiis i j ■ D in o fla g e lla te s M ic ro fla g e lla te s D iatom s A3 In th e 5 h o zo n e e x p o su re (E xpt 1), th e a v e ra g e p e rc e n t of a n im a ls alive w a s u n ifo rm ly h ig h (ran g e 94 to 97% ) in p re -tre a tm e n t s a m p le s (T able 6 ). M o r tality a fter 5 h w as 9 1 % in C o lu m n A a n d 4 7 % in C olum n B.
T h e Z ooplan k to n a s s e m b la g e in E x p t 1 w a s d o m i n a te d b y th e cala n o id c o p e p o d Paracalanus sp., b u t also h a d s e v e ra l o th e r re la tiv e ly n u m e ro u s c o p ep o d s a n d la rv a e of b a rn ac le s, p o ly c h a e te s a n d o th e r a n i m als. In q u a lita tiv e o b se rv a tio n s, 2 t a x a -th e cyclop o id co p ep o d Corycaeus anglicus a n d la rg e C irrip e d ia (barnacle) n a u p lii -a p p e a re d re la tiv e ly u n a ffe c te d a fte r 5 h ozo n e tre a tm e n t. O n th e o th e r h a n d , sm all c a la n o id c o p e p o d n a u p lii la r v a e w e re o b se rv e d to h a v e h ig h e r m o rtality th a n o th e r m eso zo o p la n k to n . Sim ilarly, in E x p t 2, m o rta lity a t 5 h w a s d ifferen t b e tw e e n th e 2 tre a tm e n ts (A a n d B) (T able 6 ). In c o n tra st to th e E x p t 1 c o n d u c te d in S e p te m b e r, su rv iv al w a s h ig h e r in C o lu m n A th a n in C o lu m n B. In. ad d itio n , 5 h m o rtality w a s lo w e r th a n in E x p t 1 (20 % in C olum n A, 6 6 % in C o lu m n B). A fter 10 h tre a tm e n t, m ortality in c re a se d , b u t th e d iffe re n c e b e tw e e n th e tre a tm e n t co lu m n s p ersiste d .
In E xpt 3, m o rta lity d iffe re n c e s b e tw e e n th e 2 tr e a t m e n t co lu m n s w e re m u c h le ss a n d m o rta lity w as m u ch h ig h e r a t b o th sa m p lin g tim es (5 a n d 10 h) th a n in th e o th e r e x p e rim e n ts (T able 6 ); > 9 6 % of th e m eso zo o p la n k to n w e re k ille d b y 1 0 h.
In E xpts 2 a n d 3 co n d u cted in N o v em b er, diversity w as m u c h lo w er th a n in S e p te m b e r (E xpt 1). A s in E xpt 1, th e Z o oplankton a s s e m b la g e w a s d o m in a te d b y th e ca la n o id c o p e p o d Paracalanus sp. (m ostly juveniles), b u t th e re w e re fa r fe w e r of th e o th e r tax a. In terestin g ly, in E xpt 2 w e o b se rv e d a few P seudodiaptom us marinus, a n ex o tic A sia n c a la n o id c o p e p o d , in m o st sam p les. As th is sp ecies w a s n o t fo u n d in p la n k to n tow s fro m th e b a lla st so u rce w a te r ta k e n in P o rt A n g e le s h a rb o r b o th d ay a n d n ig h t, it w a s a ssu m e d th a t th e y re p re s e n te d b a lla st w a te r re m n a n ts from th e sh ip 's la s t v o y a g e to L ong B each h a rb o r, w h e re P. m arinus is e stab lish ed .
T a b le 6 . E ffe c t of o zo n e tr e a tm e n t o n m e so z o o p la n k to n in E x p ts 1, 2 a n d 3 (n = 3). L ocation: le tte r re p re s e n ts c o lu m n in b a lla s t ta n k T his species, th e h a rp a c tic o id co p e p o d M icro setella sp. a n d n e m a to d e w o rm s a p p e a re d to b e m o re re s is ta n t to ozo n e tr e a tm e n t th a n th e d o m in a n t P aracalanus sp., alth o u g h o v erall m o rtality w as v e ry high.
T o x ic o lo g y
C a g e d a n im als D ifferen t m o rta lities w e re o b se rv e d for d iffe re n t sp ecies of c a g e d an im als. F o r o rg a n ism s s u s p e n d e d in th e w a te r colum n, s h e e p s h e a d m in n o w s u su a lly h a d g re a te s t m o rta litie s, sh o re c ra b s least, a n d m y sid shrim p in te rm e d ia te m o rta litie s. T h e re w e re also d if fe re n c e s b e tw e e n e x p e rim e n ts a n d w ith in a g iv e n tre a tm e n t ta n k . In E x p t 1, th e o rg a n ism s w e re ex p o se d in 2 o zo n ate d co lu m n s in 1 b a lla st ta n k a n d in 2 co ntrol co lu m n s in th e co n tro l ta n k fo r 5 h. S u rv iv al of co ntrol o rg an ism s w as a lm o st 100% (only 1 of 30 a m p h ip o d s died, b u t 3 e x p o su re c h a m b e rs in C o lu m n C of th e tr e a tm e n t ta n k w e re u n fo rtu n a te ly lost) (T able 7); su rv iv a l w as also 100% f o r a ll sp e c ies in C o lu m n B. In tr e a tm e n t C o lu m n A, d e a d a n d m o rib u n d m ysid sh rim p ra n g e d from 80 t o 1 0 0 %; m o rib u n d a n d d e a d s h e e p s h e a d m in n o w s r a n g e d from 80 to 100% . S u r v iv a l fo r b o th th e s e s p e c ie s w as d irec tly re la te d to d e p th : th o s e closest to t h e b ottom a n d n e a re s t the o zo n e d iffu sers su ffe re d h ig h e s t m ortality. In C olum n A, m o st of th e m y sid s h r im p a n d s h e e p s h e a d m in n o w s d ied , e x c e p t fo r m y sid s h rim p a t th e 1 m d e p th (T able 7).
In E xpt 2, te s t o rg a n is m s w e re e x p o se d to a 10 h o zo n atio n p e rio d in 3 tr e a tm e n t co lu m n s (A, A B -m id w a y b e tw e e n A a n d B -a n d B) a n d in 1 control c o lu m n (D). C o n tro l s u rv iv a l w as alm o st 100% for all sp e c ies (1 of 30 m y sid s h r im p d ied), a n d n o n e sh o w ed a d v e rs e effects (T able 7). F o r m y sid sh rim p in C olum n A of th e tre a tm e n t ta n k , p e r c e n t d e a d v a rie d (10 to 100% ). In co n trast, 100% of th e s h e e p s h e a d m in n o w s d ie d a n d 1 0 0 % of th e s h o r e c ra b s a n d am p h ip o d s lived. T h e p a tte rn in th e m id d le of th e ta n k (C olum n AB) w a s so m e w h a t sim ila r, w ith 100% m o rtality for s h e e p s h e a d m in n o w s, 50 to 100% fo r m y sid sh rim p a n d 1 0 0 % for sh o re c ra b s (e x ce p t th o s e n e a re s t th e b a lla st su rface). In E x p t 2, su rv iv a l of all an im als w as g re a te s t in C o lu m n B, w ith s h e e p s h e a d m in n o w s a g a in h a v in g th e g re a te s t m o rta lity . In E x p t 2, all sh o re crabs su rv iv e d a
n d a m p h ip o d s h a d o nly slig h t m ortality (T able 7).
In E x p t 3, all te st o rg a n ism s w e re e x p o se d to o zone for 10 h in C o lu m n s A, AB, a n d B a n d to co n tro l c o n d i tio n s in 1 co lu m n (D). C o n tro l su rv iv al for this e x p e ri m e n t w a s 1 0 0 % a n d n o n e of th e co n tro l an im als sh o w e d sig n s of stre ss (T ab le 7). H ig h e st m o rtalities w e re o b se rv e d in th e tr e a tm e n t ta n k in E xpt 3, S h e e p s h e a d m in n o w s h a d 100% m o rtality fo r all co lu m n s a n d d ep th s; m y sid sh rim p , 1 0 0 % for all sa m p le s c o lle c te d in C o lu m n AB, 100% fo r 2 of th e d e p th s in C o lu m n A a n d 1 d e p th in C o lu m n B; sh o re crabs, 0 % (b u t th e sh o re crab s w e re m o rib u n d ); am p h ip o d s, 7 % . All su rv iv in g sh o re crab s in th e tre a tm e n t ta n k w e re slu g g ish , a n d classified as m o rib u n d , In E x p t 3, th e re w as n o obv io u s tre n d in su rv iv a l ra te s w ith d e p th (a lth o u g h only m y sid sh rim p h a d p a rtia l kills, so d a ta for th is ty p e of co m p ariso n w a s sp arse). As in E xpts 1 a n d 2, su rv iv a l of m y sid sh rim p w a s h ig h e s t in C o lum n A, a n d a m 
M ysid sh rim p A m e r ic a m y s is bahia, s h e e p s h e a d m in n o w s C y p rin o d o n v a rieg a tu s, s h o re c ra b s H e m ig r a p su s n u d u s, a n d a m p h ip o d s R h e p o x y n iu s a b ro n iu s.
P e rc e n ta g e live a n d m o rib u n d in E x p t 1 fo llo w in g 5 h o z o n a tio n a n d in E x p ts 2 a n d 3 fo llow ing 10 h o zo n atio n . L ocation: le tte r re p re s e n ts co lu m n in b a lla s t ta n k s (A, B, AB, C, D) n u m b e r r e p re s e n ts d ista n c e (m) fro m b a lla s t ta n k s u rfa c e . C o lu m n AB w as lo c a te d b e tw e e n C o lu m n s A a n d B in t r e a t m e n t ta n k , n d 
M y sid sh rim p A m e r ic a m y s is b a h ia a n d to p sm e lt
A th e r in o p s affinis. S u rv iv al a n d m e d ia n le th a l c o n c e n tra tio n (EC50/LC 50 as % b a lla st w ater) in a c u te to x ic ity W E T (w hole e fflu e n t tre a tm e n t) te s ts w ith s a m p le s fro m E x p ts 1,2 a n d 3. S am p les c o lle c te d fo llo w in g o z o n a tio n m ately 50 to 7 0 % in o z o n e -tre a te d w a te r. T o p sm elt w e re slightly m o re se n sitiv e , w ith m e d ia n le th a l co n cen tratio n s ra n g in g fro m a p p ro x im a te ly 30 to 80% in o z o n e -tre a te d w a te r (T ab le 8 ). T re a te d w a te r from E x p t 3 a p p e a re d m o re tox ic (i.e. h a d lo w e r m e d ia n le th a l concentratio n s) th a n in th e o th e r e x p erim e n ts.
D ISCU SSIO N
T h e im p a c t of ballast, w a te r tre a tm e n ts o n th e c h e m istry, bio lo g y a n d toxicity of th e w a te r m u s t b e u n d e r stood b efo re a p o te n tia l tr e a tm e n t w ill b e a c c e p te d by th e sh ip p in g in d u stry , re g u la to ry a g e n c ie s a n d o th e r stak eh o ld ers. T h e ex p e c ta tio n s a n d re g u la to ry e n v iro n m e n t for b a lla st w a te r tr e a tm e n t a re still b e in g d e v e l o p e d a t th e state, fe d e ra l a n d in te rn a tio n a l lev el. R e sults of only a fe w b a lla st w a te r tr e a tm e n t sy ste m s on ships a re d o c u m e n te d in p e e r-re v ie w e d lite ra tu re . A few ad d itio n al p u b lic atio n s d e sc rib e re s u lts of full-scale tre a tm e n t sy stem s th a t w e re e v a lu a te d a t te s t b e d facil ities, b u t th e s e a re g e n e ra lly n o t a s c o m p re h e n siv e as o u r sh ip b o a rd study. S in ce w e c o n d u c te d o u r sh ip b o a rd sam p lin g in 2 0 0 1 , in te rn a tio n a l a n d n a tio n a l tre a tm e n t s ta n d a rd s h a v e b e e n p ro p o s e d a n d w ill p ro b a b ly in flu en ce fu tu re m e th o d s u s e d in b a lla s t w a te r tre a tm e n t ex p erim en ts.
C h em istry
W ater c h e m istry w a s h o m o g e n e o u s a n d sim ilar b e tw e e n th e tr e a te d a n d co n tro l tan k s, a n d w ith d e p th in e a ch w a te r c o lu m n b efo re th e ozone tr e a t m e n t b e g a n . F o llo w in g o zo n atio n , D O in c re a sed . T his in c re a se w o u ld p ro b a b ly n o t b e d e trim e n ta l to lo catio n s w h e re b a lla st w a te r is d isc h a rg e d , b u t it co u ld a c c e le ra te c o rro sio n of ste e l in b a lla st ta n k s w h e re ta n k c o a tin g is d e te rio ra te d a n d ste e l is e x p o sed . D e o x y g e n a tio n is s u g g e s te d as a m e th o d fo r re d u c in g c o rro sio n (T a m b u rri e t al. 2002) a n d for e lim in a tin g o rg a n ism s in b a lla st w a te r (see la te r su bsection).
Initially it w a s th o u g h t th a t th e o zo n e itself w ould b e th e p rim a ry b io c id a l a g e n t. H o w ev er, it b e c a m e a p p a re n t th a t b ro m in e (H O B r/O B r) re s u ltin g from th e rap id re a c tio n of o z o n e w ith b ro m id e ion w as th e e ffectiv e o x id an t. B ro m in e is k n o w n as a n ex cellen t b io cid e w ith re s id u a l p ro p e rtie s , th a t is, it re m a in s in so lu tio n for a n e x te n d e d tim e (Jo h n so n & O verby 1971, C receliu s 1979). T h is a ttrib u te is im p o rta n t for b a lla st w a te r tr e a tm e n t th a t is p e rfo rm e d in b a lla st ta n k s d u rin g a v o y a g e b e c a u s e b ro m in e c a n p r e c lu d e th e re b o u n d of o rg a n ism s w ith h ig h re p ro d u c tiv e p o ten tial.
It w ill b e im p o rta n t to m o n ito r th e fa te of b io cid es in ballast, w a te r tre a tm e n ts. In th e c a se of o zo n atio n , b o th ORP a n d TRO w e r e co n sid e re d . R esults sh o w e d th a t TRO in c re a s e d w ith in c re a s in g o zo n a tio n tim e, b u t ORP in c re a s e d in itially a n d th e n a p p ro a c h e d a m a x im u m v a lu e th a t w a s n e a rly in v a ria n t w ith tim e of o zo n atio n . T h e se re su lts c o u p le d w ith th e m a in te n a n c e re q u ire m e n ts of ORP e le c tro d e s d u e to ta n k in te rm itte n t d ry /w e t cycles, le d to e lim in a tio n of ORP as a m o n ito rin g tool, M e a s u rin g TRO is a sim p le a n d s ta n d a rd m e th o d , w ith w e ll-d e v e lo p e d fie ld te s t p ro c e d u res. T estin g TRO is also fast, re lia b le , a n d re lativ ely in e x p e n siv e . It is o fte n u s e d to co n tro l a n d m onitor d isin fectio n p ro c e s se s in w a s te w a te r tre a tm e n t. A u to m a te d flo w -th ro u g h a n aly z e rs co u ld b e u s e d for fe e d fo rw ard or fe e d b a c k co ntrol of o zo n e d o sa g e , a n d c o u ld b e in c o rp o ra te d in th e in itia l d e s ig n of fu tu re b a lla st w a te r tr e a tm e n t system s.
O u r TRO c h e m istry a n d b io lo g ic al re su lts in d ic a te d th a t th e d iffu se rs d id no t h o m o g e n e o u s ly d istrib u te ozone th ro u g h o u t th e b a lla st ta n k o n th e ship, eith er v ertically or horizo n tally . H e te ro g e n e ity of th e ozone d istrib u tio n w as a sig n ifican t p ro b le m w ith th e p ro to ty p e tr e a tm e n t sy ste m . O ne re a s o n is th a t b a lla st tan k s w ith in la rg e sh ip s h a v e a sig n ifican t a m o u n t of in te rn a l stru c tu re a n d p latfo rm s. T h e se stru c tu re s a re d e sig n e d to s tre n g th e n th e h u ll of th e s h ip a n d o zone from th e diffusers, tr e a te d w a te r d id n o t easily c ircu late a n d m ix w ith in th e tre a tm e n t ta n k . A lte rn a tive m e th o d s of in je c tin g o zo n e sh o u ld b e e x p lo re d to p ro v id e a m o re h o m o g e n e o u s d is trib u tio n of o x id a n t a n d b iocide in b a lla st w a te r ta n k s. In fu tu re re s e a rc h , som e m e m b e rs of our re s e a rc h te a m w ill e x a m in e th e efficacy of a n o zo n e tr e a tm e n t sy stem th a t in je cts o zone th r o u g h a v e n tu ri in s ta lle d in -lin e w ith th e b a l last p u m p p ip e.
D isin fectio n byp rod u ct chem istry
In this study, w e e x a m in e d th e fo rm a tio n of 2 d is in fectio n b y p ro d u c ts, b ró m a te a n d b ro m o fo rm (Fig. 1) . B ró m ate w a s n o t d e te c te d in a n y sam p le s. T h e p re s e n ce of b ro m o fo rm p ro v id e d e v id e n c e th a t th e o x id an t re s id u a l w a s b ro m in e , H O B r/O B r". B rom oform w as fo rm ed in all 3 s h ip b o a rd ex p e rim e n ts, b u t w as fo u n d in g re a te s t c o n c e n tra tio n in E x p t 1. Two m ajo r factors th a t m a y affect th e c re a tio n of b ro m o fo rm a re D O C (p art of N O M [n a tu ra l o rg a n ic m atter] p re s e n te d in Fig. 1 . F or all 3 e x p e rim e n ts, th e D O C w as n e a r 1 m g I" 1 a n d d iffe re n c e s w e re th e re fo re p ro b a b ly n o t re la te d to D O C c o n c e n tratio n s. H o w ev e r, th e te m p e r a tu re in E x p t 1 w a s d iffe re n t th a n in E x p ts 2 a n d 3, a n d th is m ay b e th e re a s o n fo r th e lo w e r c o n c e n tra tio n of brom oform in th e N o v e m b e r ex p e rim e n ts. W h e n b ró m a te w as s p ik e d in to th e tr e a te d sa m p le s in th e la b o ratory, th e sp ik e w a s n e v e r re c o v e re d fully. T h e c a u se of this a p p a re n t d e m a n d is u n k n o w n , b u t m a y b e re la te d to th e h ig h c o n c e n tra tio n of 'a c tiv e ' b ro m in e (i.e. H O B r/ OBr") in th e sam p les, If TRO re m a in s in se a w a te r, it is lik ely th a t o z o n a te d b a lla st w a te r w ill c o n tin u e to in c re a se in b ro m o fo rm c o n cen tratio n . A lite ra tu re re v ie w su g g e s ts th a t th e lev els of b ro m o fo rm fo u n d in o u r stu d y w ill n o t ad v e rse ly affect m a rin e o rg a n ism s. Toxicity d a ta a re av a ila b le for p h y to p la n k to n Skeleto n em a costatum, Thalassiosira pseudonana, G lenodinium halli a n d Isochrysis galbana (E rickson & F re e m a n 1978), m y sid sh rim p A m ericam ysis bahia (US E n v iro n m e n ta l P ro te c tio n A g en cy 1978), b ro w n sh rim p P enaeus aztecus (A n d ersen e t al. 1979), A tla n tic m e n h a d e n Brevoortia tyrannus (A n d e rse n e t al. 1979), a n d s h e e p s h e a d m in n o w C yprinodon variegates (H eitm u ller e t al. 1981, W ard 1981), D a ta for th e s e sp e c ie s s u g g e s t th a t th e q u a n tity of b ro m o fo rm p ro d u ced , d u rin g o u r s h ip b o a rd e x p e rim e n ts w a s n o t a c u te ly tox ic w ith IC 5 0 (50 % in h i b itio n c o n cen tra tio n ), LC 5 0 (50% le th a l co n cen tratio n ), or N O E C (no o b se rv e d e ffe ct co n c e n tra tio n ) v a lu e s 1 to 2 o rd e rs of m a g n itu d e h ig h e r th a n th e q u a n titie s w e o b serv ed .
B io lo g y
M ech an ism s for rem o v a l a n d in activ atio n of organism s O zo n a tio n of s e a w a te r in ju re s, kills, o r lyses cells th ro u g h th e in te ra c tio n of o z o n e or th e re s id u a l oxidant, (hypobrom ous a cid a n d s o d iu m h y p o b ro m ite) w ith m ol e c u le s w ith in a n d o n th e su rfa c e of cells. F o r m icro o r g an ism s, in te ra c tio n w ith a sig n ifican t le v e l of a n oxi d a n t m ay c a u se th e ly sis o f th e cell. In o th e r stu d ies (d a ta n o t show n), w e o b s e r v e d a d e c re a s e in to ta l n u m b e rs of m icro o rg a n ism s in s e a w a te r sa m p le s e x p o se d to o zo n e th a t w e re s ta in e d w ith a n u c leic a cid sta in a n d e x a m in e d b y e p iflu o re s c e n c e m icro sco p y o r flow c y tom etry. V issers e t al, (1998) e x p la in e d th e m e c h a n ism of h u m a n re d cell lysis b y h y p o b ro m o u s a c id by sta tin g th a t it re a c ts w ith m e m b ra n e lipids a n d p ro tein s. O zone h a s b e e n u s e d for m a n y y e a rs to m a in ta in w a te r q u ality in se a w a te r a q u a c u ltu re se ttin g s. A lo w le v e l of re s id u a l o zo n e is b en eficial, b u t slig h tly h ig h e r lev els (> 0 . 1 m g T 1) c a u se s d a m a g e to gili m e m b ra n e s of fish. In g e n e ra l, fish m a y b e m o re se n sitiv e to re s id u a l o zone th a n in v e rte b ra te s su c h a s sh rim p (Reid & A rn o ld 1994).
C u ltu ra b le h e te ro tro p h ic b a c te ria F ro m o u r resu lts, o z o n e w a s c a p a b le of e lim in atin g > 9 9 .9 9 % of b a c te ria in b a lla s t w a te r. W e a ttrib u te th e toxicity of th e tr e a te d s e a w a te r to th e fo rm atio n of b ro m in e s (m e a su re d in th is stu d y a s TRO). If a sig n ifi c a n t a m o u n t of TRO re m a in s in b a lla st w a te r d u rin g a v o y ag e, w e co n c lu d e th a t h e te ro tro p h ic m ic ro o rg a n ism s w o u ld c o n tin u e to b e in h ib ite d . H o w ev er, m ore r e c e n t la b o ra to ry stu d ie s h a v e sh o w n th a t w h e n TRO d is a p p e a rs, m a rin e h e te ro tro p h ic m icro o rg a n ism s can ra p id ly re b o u n d in n u m b e r (H erw ig e t al. 2004).
W h e th e r m icro o rg a n ism s, s u c h as th e h e te ro tro p h ic b a c te ria e n u m e ra te d in o u r study, sh o u ld b e re g u la te d is so m e w h a t co n tro v ersia l (D obbs & R o g erso n 2005). F o r in te rim a p p ro v a l in th e s ta te of W ash in g ton , a tre a tm e n t m u st re d u c e b a c te ria b y 99 % (W ashington D e p a rtm e n t of F ish & W ildlife 2002). T h e IM O (In ter n a tio n a l M aritim e O rg a n iz atio n ) C o n v e n tio n ig n o re s m o st b acte ria, o th e r th a n th o se of p u b lic h e a lth sig n ifi c a n c e in c lu d in g Vibrio cholerae stra in s O l a n d 0 1 3 9 , fe ca l coliform s, a n d fe c al e n te ro c o c c i (IM O 2004) . We d id n o t a tte m p t to e n u m e ra te b a c te ria of p u b lic h e a lth sig n ific a n c e in o u r s h ip b o a rd study. P h y to p la n k to n a n d m ic ro fla g e lla te s O u r re su lts s u g g e s te d th a t o z o n e h a d a stro n g effect on v e g e ta tiv e cells of d in o fla g ellate s a n d m icroflagel-lates. T h e o b se rv e d d e c lin e w a s p ro b a b ly d u e to lysis of v e g e ta tiv e cells c a u se d b y o zo n atio n . P a rt of th e ob serv ed d e clin e co u ld b e fro m cells se ttlin g out, a n d w e did n o t m e a s u re th e a c c u m u la tio n of cells or restin g sta g e s a t th e bottom . H o w e v e r, b e c a u s e se ttlin g w ould also h a v e o c c u rre d in th e co n tro l b a lla st ta n k , m o rtality w as still th e m o st lik ely e x p la n a tio n for re d u c e d d en sities of d in o fla g e lla te s a n d m ic ro fla g e lla tes in th e tre a tm e n t ta n k .
A lthough o u r re su lts s u g g e s te d th a t o zone m ay b e m u ch less effectiv e for d ia to m s c o m p a re d to d in o fla g ellates a n d m ic ro fla g e lla te s, th is p ro b a b ly r e p r e s e n te d a lim ita tio n of m icro sco p ic m e th o d s used. D iatom s w e re id e n tifie d b a s e d o n th e s h a p e a n d p a t tern s of th e ir silica cell w alls (frustules) th a t do n o t quickly d e g ra d e a n d d is a p p e a r a fte r o zonation. Thus, alth o u g h c o u n te d in re la tiv e ly h ig h n u m b e rs follow ing treatm en t, o u r m e th o d c o u ld n o t d istin g u ish b e tw e e n live a n d d e a d in d iv id u a ls. W e re c o m m e n d th a t a n o th e r m eth o d for q u a n tify in g a n d d e te rm in in g p h y to p la n k to n (and p a rtic u la rly d iatom ) v ia b ility b e d ev elo p e d .
O verall, o u r re su lts s h o w e d th a t o zo n e h as prom ise for rem o v in g m u c h of th e p h y to p la n k to n fro m b allast w ater, In fu tu re tests, th e m e a s u re m e n t of ch lo rophyll a sh o u ld b e c o n sid e re d fo r a sse ssin g th e im p ac t of tre a tm e n t o n to ta l p h y to p la n k to n b io m ass. T his assay is relativ ely e a sy to p e rfo rm u s in g filtra tio n a n d e x tra c tio n w ith a so lv en t (H o 'lm -H an sen & R iem an n 1978), Z o o p la n k to n A lth o u g h m o rtality w a s v a ria b le a n d re la te d to th e ozone d eliv ery efficiency, o u r re s u lts in d ic a te d th a t ozone tr e a tm e n t e lim in a te d m o st Z o oplankton from, sh ip 's b allast. W h e n o z o n e d e liv e ry w as g re a te s t in E xpt 3, > 9 6 % of th e Z o o p la n k to n w a s d e a d a fte r 10 h. E ven in e x p e rim e n ts w h e re o z o n e d e liv e ry w as less efficient, la r g e p ro p o rtio n s of th e Z oo p lan k to n w e re classified a s m o rib u n d a n d th e s e p ro b a b ly w o u ld n o t h a v e surv iv ed . A s w ith m ic ro o rg a n ism s, th e p re s e n c e of resid u al TRO w o u ld b e e x p e c te d to c o n tin u e su p p ressio n of a n y re m a in in g in d iv id u a ls.
T he c o n c e n tra tio n s of a ll ta x a w e re g reatly d e c re a s e d b y ozo n e, b u t w e q u a lita tiv e ly o b se rv e d sev eral th a t a p p e a re d m o re re s is ta n t to th e tre a tm e n t, in cluding a k n o w n Z o o p lan k to n in v a d e r, th e cala n o id co p ep o d P seudodiaptom us m arinus. L a b o ra to ry m esoscale e x p e rim e n ts w ith o zo n e u s in g th e s e ta x a , in c lu d in g g ro w in g o u t tr e a te d w a te r a fte r d issip atio n of TRO, w ould b e b e n e fic ia l in fu r th e r id e n tify in g re sista n t tax a a n d u n d e rs ta n d in g h o w m u c h o zo n e is re q u ire d to elim in ate th em .
U nlike th e sa m p le s c o lle c te d a t d isc re te d e p th s in th e b allast ta n k for m ic ro b io lo g y a n d ch e m istry a n a ly ses, Z o o p lan k to n s a m p le s w e re a n in te g ra tio n of o rg a n ism s p re s e n t in c o lu m n s of b a lla st w ater. T he o b se rv a tio n a l m e th o d u s e d to ex a m in e m eso zo o p lan kto n w a s v e ry in te n siv e in th a t sa m p le s co lle c te d h a d to b e q u ic k ly p ro c e s s e d a n d o b se rv e d o n b o a rd ship. T he in te n sity of th is a n a ly sis lim ite d th e to ta l n u m b e r of o rg a n ism s th a t c o u 
T o x ic o lo g y C a g e d an im als
O u r c a g e d e x p e rim e n ts r e p r e s e n t a n o v el a p p ro a c h fo r e v a lu a tin g sh ip -sc a le b a lla s t w a te r tre a tm e n t effects. M o rtality of c a g e d o rg a n ism s e x p o se d to ozone w as v a ria b le , w ith th e le a s t m o rta lity e x p e rie n c e d b y sh o re crab s a n d am p h ip o d s. T h e m e c h a n ism fo r m or tality w a s lik e ly to h a v e b e e n re la te d to d a m a g e to gili tissu e s a n d th e a n im a ls' re s p ira to ry system . As n o te d earlie r, fish te n d to b e m o st se n sitiv e to in activ a tio n b y o x id izin g b io c id e s (R eid & A rn o ld 1994). A nim als th a t a re c a p a b le of m in im iz in g th e ir re s p ira tio n or e x c h a n g e w ith to x ic w a te r m a y avo id o r d e la y th e c e llu la r d a m a g e c a u s e d b y e x p o su re to biocides. S h o re c ra b s a n d a m p h ip o d s d e m o n s tra te d th e g re a t e s t re s is ta n c e to o zo n e tre a tm e n t. T his o u tco m e m ay b e re la te d to th e ir n a tu ra l h isto ry a n d physiology, P u r p le sh o re cra b s H em igrapsus n u d u s h a v e a w id e g e o g ra p h ic ra n g e , b e in g fo u n d o n th e w e st co ast from A la sk a to M exico. T his c ra b liv es in th e in te rtid a l re g io n in a n d o u t of w a te r a n d is c a p a b le of w ith s ta n d in g a w id e ra n g e of te m p e ra tu re , salin ities a n d d e sic catio n. H. n u d u s is a n o sm o reg u la to ry o rg a n ism an d c a n to le ra te b o th h y p o -a n d h y p er-o sm o tic co n d itions (Kozloff 1993, O 'C la ir & O 'C la ir 1998). T h e a m p h ip o d R hepoxynius abronius is a m a rin e b e n th ic o rg an ism th a t is w id e ly u s e d in s e d im e n t b io assay s (S w artz et al. 1988 (S w artz et al. , A STM 1998 . In te re stin g ly , th is a m p h ip o d d e m o n s tra te d m u c h g re a te r re s is ta n c e to o zo n e tr e a t m e n t th a n th e o th e r c ru s ta c e a n u s e d in th e sh ip b o ard te sts, th e m y sid shrim p.
M o rtality fo r th e c a g e d a n im a ls v a rie d w ith lo cation in th e b a lla st ta n k , c o rro b o ra tin g e v id e n c e fro m o th er m e a s u re d p a ra m e te rs th a t o z o n e w as n o t h o m o g e n o u sly d istrib u te d in th e ta n k . T h e sh ip 's sc h e d u le only allo w ed for relativ ely sh o rt e x p e rim e n ts, a n d c a g e d o rganism s th a t d id n o t sh o w sig n ific a n t m o rta lity a fte r 1 0 h of ex p o su re m ay h a v e d ie d a fte r e x te n d e d e x p o s u re to th e tre a te d w ater. C o n tro lle d to xicology la b o ra tory ex p e rim e n ts (see n e x t su b sec tio n ) w o u ld h elp a n sw e r q u estio n s a b o u t e x te n d e d e x p o su re to o xidiz in g b iocides an d d e la y e d m o rtality , b u t o u r e x p e rie n c e w ith th e c a g e d a n im a l e x p e rim e n ts s u g g e s t th a t this protocol sh o u ld b e c o n sid e re d in fu tu re sh ip b o a rd ex p erim en ts w ith b io cid e b a lla s t w a te r tre a tm e n ts.
W ET (acu te toxicity) tests A lim ited n u m b e r of W E T te sts w e re p e rfo rm e d w ith w a te r sam ples co lle c te d fro m b a lla s t ta n k s of th e S /T Tonsina. For ex p e rim e n ts c o n d u c te d in P ort A n g eles, W ashington, w e w e re g e n e ra lly u n a b le to h a v e th e W ET sam p les d e liv e re d to th e to x ico lo g y la b o ra to ry w ith in 24 h, so th e a m o u n t of TRO p re s e n t in th e s a m p le d w a te r w as re d u c e d b y th e tim e of analy sis. In a se p a ra te stu d y (Jo n es e t al. in p ress), th e efficacy of o zo n e tre a tm e n t w a s e x a m in e d in th e la b o ra to ry u sin g , d e o x y g e n a tio n tr e a tm e n t (T am burri e t al. 2002), a n d h e a t (R igby e t al. 1999). T h e biological efficacy of th e p ro to ty p e o z o n e tr e a tm e n t sy stem in sta lle d o n th e S /T Tonsina g e n e ra lly c o m p a re d w ell w ith p rev io u sly d e s c rib e d tr e a tm e n t tech n o lo g ies. Specific resu lts a re n o t d ire c tly c o m p a ra b le b e c a u s e th e m e th o d s u s e d fo r d e te rm in in g tr e a tm e n t efficacies w e re n o t sim ilar. S o m e in v e s tig a to rs to o k th e strateg y of a d d in g a fe w re p r e s e n ta tiv e o rg an ism s to b allast w a te r a n d o th e rs e x a m in e d o n ly a fe w specific tax a th a t a re p re s e n t in s e a w a te r. In p re v io u s stu d ies, b a c teria l p o p u la tio n s w e re u su a lly n o t e n u m e ra te d . For o u r s h ip b o a rd te sts, w e a tte m p te d to p e rfo rm a m ore c o m p re h e n siv e e x a m in a tio n of th e o rg an ism s p re s e n t in b a lla st w ater.
In re c e n t e x p e rim e n ts on d e o x y g e n a tio n , a n in ert g as g e n e ra to r w a s u s e d to strip b a lla st w a te r of o x ygen a n d to in tro d u c e c a rb o n d io x id e a n d lo w e r th e pH (T am b u rri e t al. 2003). In th e in itia l tests, 3 in v asive in v e rte b ra te s, F icopom atus enigm aticus (serpulid p o ly ch a e te ), Carcinus m a en a s (E u ro p e a n g re e n sh ore crab) a n d D reissena p o lym orpha (z eb ra m ussel) w ere e x p o se d to h y p o x ic c o n d itio n s fo r 2 o r 3 d in a b allast tan k . P e rc e n t su rv iv al of all 3 sp ec ie s w as re d u c e d c o m p a re d to c o n trols, b u t th e p o ly c h a e te a n d z e b ra m u ssels d e m o n s tra te d n e a rly 2 0 % su rv iv al in th e tr e a te d w a te r. A c o m p re h e n siv e lite ra tu re review (T am b u rri e t al. 2002) s u g g e s ts th a t a v a rie ty of a q u atic in v e rte b ra te s a n d v e rte b ra te s c a n to le ra te h y p o x ia or an o x ia fo r a fe w d ay s, a n d th is tr e a tm e n t m ay th e refo re no t b e su ita b le for sh o rt v o y a g es. T h e re fo re , d eo x y g e n a tio n m ay n o t b e su ita b le fo r c o a sta l v o y a g es su ch as o n th e w e s t c o a st of th e U n ite d S tate s, w h e re tra v el b e tw e e n p o rts m a y o n ly b e a fe w d ay s. R a th e r th an w aitin g a fe w d a y s to o b se rv e th e le th a lity of ozone tre a tm e n t, all o u r e x p e rim e n ts w e re p e rfo rm e d w ithin 5 to 10 h, d u rin g w h ic h tim e th e tr e a tm e n t rap id ly k ille d a w id e v a rie ty of o rg an ism s.
W aite e t al. (2003) d e s c rib e d la rg e -s c a le e x p erim en ts u sin g co m m ercially a v a ila b le u n its: a h y d ro cy clo n e, a se lf-c lea n in g 50 p m sc re e n , a n d a n u ltrav io let (UV) unit. In e x p e rim e n ts c o n d u c te d o n B iscayne Bay (Florida) Z o o p lank to n , p h y to p la n k to n , m icrobiology, ATP a n d p ro te in s w e re a n a ly z e d . R esults sh o w e d th a t h y d ro cy clo n ic se p a ra tio n w a s in e ffe c tiv e a n d th a t th e 50 p m s c re e n re m o v e d m o st of th e Z ooplankton. UV tre a tm e n t in itially re d u c e d th e v ia b le co u n ts of m icro o rg a n ism s, b u t b a c te ria l re g ro w th w as o b se rv ed in sa m p le s h e ld for 18 h. U n lik e m o st biocides, UV tre a tm e n t d o e s n o t p ro v id e a re s id u a l toxicity in tr e a te d w ate r. W aite e t al. (2003) c o n c lu d e d th a t only th e 50 p m s c re e n w as effectiv e in re m o v in g organism s, e sp ecially p o te n tia l in v a d e rs su c h a s la r g e r Z ooplank to n a n d in v e rte b ra te larv ae. In o u r e x p e rim e n ts, b a c te rial re g ro w th w as n o t o b se rv e d a n d Z o oplankton w ere larg e ly e lim in a te d , b u t as d e s c rib e d earlier, a resid u al TRO m u s t b e m a in ta in e d d u rin g a v o y a g e to p rev en t th e g ro w th of b a c te ria .
S u th e rla n d e t al. (2001) e v a lu a te d a sim ilar system , a cyclonic first s ta g e follow ed b y a UV p h a se , in B ritish C olum bia, C a n a d a , S am p les w e re co lle cte d from dif-fe re n t s ta g e s of th e tre a tm e n t. In v e rte b ra te s w e re a ss e sse d im m e d ia te ly a fter co llectio n w h ile p h y to p la n k to n w e re in c u b a te d for 'g ro w o u t'. F o llow ing tre a tm e n t, d e a d a n d m o rib u n d c o p e p o d s w ere o b serv ed , b u t lo w d en sitie s a n d h ig h v a ria n c e s p r e c lu d e d sta tistic a l an a ly ses of th e m . P h y to p la n k to n an a ly se s fo cu se d on 3 d iato m sp ec ie s, S keleto n em a costatum, Thalassiosira sp. a n d Chaetoceros gracile.
L ow est co n c e n tra tio n s a n d g ro w th ra te s of th e s e tax a w e re u su a lly o b se rv e d fo llow ing U V tre a tm e n t, w ith C. gracile b e in g th e m o st se n sitiv e sp ecie s. O u r r e s e a rc h te a m is in te re s te d in p e rfo rm in g 'g ro w o u t' e x p e rim e n ts fo r p h y to p la n k to n in fu tu re tre a tm e n t tests, ra th e r th a n e n u m e ra tin g p h y to p la n k to n in p r e se rv e d sam p les, W hile th e g ro w o u t m e th o d c a n d e te r m in e v iab ility of p h y to p la n k to n , th e in c u b a tio n p erio d m ay last se v e ra l w eek s.
In a n o c e a n trial, R igby e t al. (1999) c o n d u c te d a s h ip b o a rd e x p e rim e n t u sin g h e a te d w a te r fro m th e sh ip 's m a in e n g in e , flu sh e d th r o u g h a b a lla st tan k , w h ich re s u lte d in c o m p le te elim in a tio n of Z o oplankton a n d lim ited su rv iv al of p h y to p la n k to n , T h e e ffec t on b a c te ria w as n o t re p o rte d , S m all-scale la b o ra to ry w o rk co u ld b e p e rfo rm e d to d e te rm in e th e m in im u m te m p e ra tu re s a n d e x p o su re tim es re q u ire d to in a c tiv a te o rg an ism s fo u n d in b a lla st w ater.
B allast w ater treatm ent standards
W h en w e d e s ig n e d o u r sa m p lin g a n d a n a ly sis p ro to cols for th e s h ip b o a rd e x p e rim e n ts o n th e S /T Tonsina, few re g u la to ry a g e n c ie s or g o v e rn m e n ts h a d d e v e l o p e d or p ro m u lg a te d sta n d a rd s fo r b a lla s t w a te r tr e a t m en t. F or ex am p le , th e sta te of W a sh in g to n tre a tm e n t sta n d a rd s w e re re le a s e d in 2001, a n d calls fo r 'in a c ti v atio n or re m o v a l of n in ety -fiv e p e r c e n t of Z oo plan k ton o rg an ism s a n d n in e ty -n in e p e rc e n t of p h y to p la n k to n a n d b a c te ria o rg a n ism ' (W ash in g to n D e p a rtm e n t of F ish & W ildlife 2002). T h e U n ite d S ta te s h a s no s ta n d a rd s for tre a tm e n t, b u t le g isla tio n is p e n d in g b e fo re th e US C o n g re ss. IM O (2004) a d o p te d a co n v en tio n th a t re c o m m e n d s m e m b e r sta te s a d o p t th e fo llow ing d isc h a rg e sta n d a rd s for tr e a te d b a lla s t w ate r: 'S h ip s co n d u c tin g b a lla st w a te r m a n a g e m e n t sh a ll d isc h a rg e less th a n 10 v ia b le o rg a n ism s p e r c u b ic m e tre g re a te r th a n or e q u a l to 50 m ic ro m e tre s in m in im u m d im e n sion a n d less th a n 10 v ia b le o rg a n ism s p e r m illiliter less th a n 50 m ic ro m e tre s in m in im u m d im e n sio n a n d g re a te r th a n or e q u a l to 10 m ic ro m e tre s in m in im u m dim ension; a n d d is c h a rg e of th e in d ic a to r m icro b es sh all not e x c e e d th e sp ec ifie d c o n c e n tra tio n s.' IM O sta n d a rd s w e re also s u g g e s te d for s e le c te d b a c te ria of p u b lic h e a lth sig n ifican ce, T h e c o n v e n tio n w ill com e in to force 12 m o a fte r 30 co u n trie s, r e p r e s e n tin g 3 5 % of th e w o rld 's sh ip p in g to n n a g e , ra tify th e co n v en tion, So far, o nly 1 co u n try h a s ra tifie d th e c o n v e n tio n a n d 7 o th e rs h a v e s ta te d th a t t h e y in te n d to ratify it (M arine E n v iro n m e n ta l P ro te c tio n C o m m ittee 2005). O b vi ously, scien tists a n d e n g in e e r s w h o a re e v a lu a tin g p o te n tia l tre a tm e n ts m u s t a d a p t th e ir sa m p lin g a n d a n a ly sis m e th o d s to s ta n d a r d s th a t a re c u rre n tly a v a il a b le or will b e e n fo rc e d i n th e fu tu re. T h e d e te rm in a tio n of v iability for all t h e d iv e rsity of ta x a p re s e n t in s e a w a te r th a t in clu d e s m ic ro o rg a n ism s, p h y to p la n k to n a n d Z o oplankton is n o t a sim p le ta sk . T h e p ro p o s e d IM O sta n d a rd s re q u ire a h ig h le v e l of sen sitiv ity a n d do n o t d iffe re n tia te b e tw e e n ta x o n o m ic or fu n ctio n al g ro u p s. N u m b ers a re fo r a ll o rg a n ism s p re s e n t in th e s e le c te d size fractions.
W e re c o m m e n d th a t re g u la to rs , scien tists a n d e n g i n e e rs e n g a g e d in b a lla s t w a te r re s e a rc h re a c h a co n s e n s u s a b o u t su ita b le p ro to c o ls fo r e n u m e ra tin g o rg a n ism s a n d d e te rm in in g th e i r viab ility ; o th erw ise, th e re s u lts from d iffe re n t re s e a r c h g ro u p s a n d te ch n o lo g y v e n d o rs w ill b e d ifficult to c o m p are . P erfo rm in g a co m p re h e n s iv e e v a lu a tio n of th e biology, c h e m istry a n d toxicology of a p o te n tia l tr e a tm e n t sy stem o n b o a rd a sh ip is a c h a lle n g in g ta s k . A co m m e rc ia l v e sse l m ay n o t b e th e id e a l p la tfo rm fo r p e rfo rm in g e x p e rim e n ts w ith tre a tm e n t sy stem s, p a rtic u la rly if th e v o y ag e p a t te rn s a n d ro u tes a re n o t k n o w n w e ll in a d v a n c e . C o m m e rc ia l v essels do n o t h a v e sp a c e d e d ic a te d for p e r fo rm in g re s e a rc h or fo r so p h istic a te d a n a ly tic a l a n d b io lo g ical a n a ly se s. T h e p rim a ry effo rt of th e sh ip 's c re w is to safely o p e ra te th e v e ss e l a n d tra n sp o rt carg o . S h ip officers a n d crew s a re o ften v e ry b u sy w h e n th e ir sh ip is in p o rt a n d d u rin g a v o y a g e , so it is d ifficult for th e m to le n d a la rg e a m o u n t of a ssistan ce to a sc ie n c e te a m . If b a lla st w a te r tre a tm e n t re s e a rc h is to b e su ccessfu lly c o n d u c te d o n b o a rd co m m ercial v e s sels, th e n re g u la to ry a g e n c ie s a n d g o v e rn m e n ts m u st p ro v id e in c e n tiv e s to th e s h ip p in g in d u s try so this can p a rtic ip a te a n d p ro v id e v e sse ls fo r th e d e v e lo p m e n t of b a lla st w a te r tre a tm e n t tech n o lo g y .
A c k n o w le d g e m e n ts .
T h e c o o p e ra tio n of A la sk a T a n k e r C o r p o ra tio n w as e s s e n tia l to th e su c c e ss fu l c o m p letio n of this p ro je c t. W e th a n k th e C a p ta in a n d t h e c re w of th e S / T T o n sin a fo r th e ir c o o p e ra tio n in e v e r y a s p e c t of p e rfo rm in g th e s h ip b o a rd re se a rc h . R. M u e lle r a n d sta ff fro m th e N o rth e a st T e c h n ic a l S erv ices C o m p a n y o p e r a te d th e N u te c h -0 3 ozone g e n e ra to r. G. M . D etlo ff p ro v id e d h e lp w ith th e co llectio n of s a m p le s fo r to x ico lo g y an aly sis. S. S ulkin, N. S c h w a rc k , G. M c K een a n d A. O la h p ro v id e d a s s is ta n c e w ith th e c a g e d a n i m al stu d ie s. O. K a ia ta p ro v id e d te c h n ic a l a s sista n c e in th e id e n tific a tio n of Z o o p la n k to n fro m th e S / T T onsina. BP T ra n s p o rta tio n (A laska) a n d N u te c h 0 3 , p ro v id e d p a r tia l fu n d in g for th is p ro ject. R e se a rc h e rs fro m th e U n iv ersity of W a sh in g to n w e r e s u p p o r te d in p a rt fro m a U S F ish a n d W ildlife re s e a rc h g r a n t (98210-0-G 738). T h e R eg io n al C itiz e n 's A d v i s o ry C o u n c il of P rin c e W illiam S o u n d also p ro v id e d su p p o rt a n d d ec a y of to ta l re s id u a l o x id a n t-im p licatio n s fo r b a l
